ABSTRACT. The radiocarbon concentration of different atherosclerotic plaque fragments obtained from 20 patients in Portugal, operated in 2000Portugal, operated in -2001, has been measured in order to define the year of plaque formation. A difference of 1.8-15 yr was observed, with the mean and median both 9 yr, between the bomb-pulse date estimated with the CALIBomb software and the operation date. Stable isotope ( 13 C and  15 N) analysis was also performed and provides insight to the diet of the subjects. The wide range of measured stable isotope values could indicate that the subjects' diet varied, including an abundance of marine foodstuffs. It could also mean a different isotope fractionation process for the different plaque fragments (cap, core, interface to media) and a possible difference in tissues in which the various fragments are formed. Analysis of  13 C and  15 N values of each patient separately revealed subjects considered more influenced by marine foodstuffs consumption.
INTRODUCTION
The concentration of radiocarbon in the atmosphere dramatically increased during the late 1950s and early 1960s, reaching a maximum in 1963 due to testing of nuclear weapons in the atmosphere. The Limited Test Ban Treaty, signed in 1963, assured a significant reduction of nuclear weapon testing in the atmosphere. Consequently, atmospheric 14 C began to decrease quickly, principally because of its mixture with other large 14 C reservoirs, mainly the oceans and the biosphere. This bomb pulse of 14 C had a significant impact on all living matter (Hua and Barbetti 2004; Ubelaker and Buchholz 2005 ).
14 C is found in the atmosphere mostly in the form of 14 CO 2 . 14 CO 2 is absorbed by the vegetation and reaches animals and humans mainly through the food chain. It is generally expected that terrestrially living organisms, including humans, will contain a similar 14 C/ 12 C level as that of the local atmosphere at the time of formation, with only a small time lag. Therefore, the 14 C bomb pulse has become a valuable dating technique for tissues from the human body, revealing information about, for example, the material's formation date and the progress of an illness (Broecker et al. 1959; Libby et al. 1964; Harkness and Walton 1969; Nydal et al. 1971; Lynnerup et al. 2008; Gonçalves et al. 2010 ).
Bomb-pulse dating of human tissue typically uses clean-air atmospheric 14 CO 2 data as a reference. However, as reported by Georgiadou and Stenström (2010) and Georgiadou et al. (2013) , it is important to be aware that the diet of the subjects might affect the results. Carbon in terrestrial foodstuffs generally contains a higher concentration of 14 C than marine foodstuffs. This is due to the delay when atmospheric 14 C enters the oceans and the large size of the oceanic carbon reservoir (Georgia-875 dou et al. 2013) . Consequently, much of the marine foodstuff in the diet has the potential of producing bomb-pulse dates that are a few years younger than the true dates . The opposite effect applies too, bomb-pulse dates older than the true dates can be caused by delay times through the food chain and consumption of stored food (Georgiadou et al. 2013) . Local variations in the 14 C concentration, due to atmospheric releases from nuclear installations or other laboratories using 14 C materials, may also be important ).
Analysis of isotope fractionation of stable carbon and nitrogen isotopes ( 13 C and  15 N) using isotope ratio mass spectrometry (IRMS) can provide information on the diet of a subject (DeNiro and Epstein 1981; Tieszen 1983; Schoeller et al. 1986; Gearing 1991; Minagawa 1992; O'Connell 1996; Vanderklift and Ponsard 2003; Nash et al. 2012; Georgiadou et al. 2013) . In bomb-pulse dating, this information can be valuable to detect extreme dietary conditions that might influence the 14 C date obtained from atmospheric calibration data (Georgiadou et al. 2013) . Isotope fractionation arises during chemical and physical reactions due to the difference in mass between the different isotopes of an element (Schoeller 1999) . Isotope fractionation of carbon occurs during photosynthesis and leads to considerably different 13 C/ 12 C ratios between plants from the C 3 (e.g. wheat, potatoes) and the C 4 (e.g. corn, sugarcane) food groups. Carbon isotope ratios differ between marine and terrestrial plants and consequently between animals living in aquatic and terrestrial environments.  13 C denotes the isotope fractionation of carbon and is defined as the relative deviation of the 13 C/ 12 C ratio of the sample compared to the respective ratio of a standard material (Tieszen et al. 1983 ).
As with carbon, isotope fractionation appears in nitrogen in different stages of the food chain, and is expressed as  15 N. This symbol refers to the comparison of the stable isotope 15 N concentration of the samples with the common nitrogen isotope 14 N (Georgiadou et al. 2013 and references therein). In humans, isotope fractionation between ingested food and human tissue is a complicated issue (Schoeller 1999 ) and depends, for example, on differences in the metabolic breakdown of the various ingested food components. Consequently,  13 C and  15 N measurement may also provide indications about differences in the biochemical conversions in various human tissues.
In a study by Georgiadou et al. (2013) , 60 human blood serum samples collected in 1978 from Swedish subjects with known dietary habits were bomb-pulse dated with the aim of estimating the accuracy of the technique. The difference (±1) between the date estimated by bomb-pulse dating and the sampling date varied between -3 ± 0.4 and +0.2 ± 0.5 yr. On average, the bomb-pulse dates obtained were 1.5 ± 0.7 yr older than the sampling dates. It was concluded that this effect could probably be attributed to the delay between production and consumption of foodstuffs. In addition to 14 C measurements, stable isotope analyses revealed information about the diet of the subjects, who were either omnivores, vegetarians, or lacto-ovo vegetarians (Georgiadou et al. 2013) . Marine foodstuffs present both high  15 N and  13 C values (Figure 1 ) as well as lower 14 C (F 14 C) values (Reimer et al. 2004 ) compared to terrestrial foodstuffs. In general, the omnivores, who consume an excess of fish products in their diet, displayed higher  15 N and  13 C values than the vegetarians and lacto-ovo vegetarians, who do not consume fish. Consequently, information on  15 N and  13 C values can be a significant factor when interpreting 14 C data about the diet and consequently about the consumer. Furthermore, the study showed that the difference between the sampling date of the serum samples and the bomb-pulse date obtained from the 14 C measurement was strongly correlated to the  13 C values, probably due to the influence from marine diet components.
The current study performed 14 C bomb-pulse dating on 60 atherosclerotic plaque fragments of 20 patients from Portugal. Atherosclerotic plaque is an accumulation of fatty material in the intima of the arterial wall, which leads to an inflammatory response. Subsequently, smooth muscle cells from the media migrate and create a fibrous cap that surrounds the lipid and necrotic core (see Figure 2) . Rupture of the fibrous cap leads to thrombosis, which may cause heart attacks through a blockage in the coronary arteries or strokes when thrombosis occurs in the carotid arteries. Gonçalves et al. (2010) used bomb-pulse dating to determine the age of different fragments of atherosclerotic plaque from 10 patients. The mean biological age of the cap fragment was 6.4 ± 3.2 yr, which was significantly lower than those of the shoulder (12.9 ± 3.0 yr), the interface toward the media (12.4 ± 3.3 yr), and the core (9.8 ± 4.5 yr) fragments. In the present study, we obtained further age information about the gradual development of plaque by analyzing various plaque fragments from the 20 patients. Another aim was to investigate whether stable isotope analysis ( 13 C,  15 N) could reveal useful information about the diet of the subjects. In particular, we aimed to evaluate whether the marine dietary effect, which has the potential of producing younger bomb-pulse dates compared to the sampling dates, could be substantial. We also aimed to investigate whether the various plaque fragments obtained from the same human subject displayed different  13 C and  15 N values. This could either be attributed to isotope fractionation during the formation process of the different plaque fragments, or could be an effect of different cell types in the various fragments.
MATERIALS AND METHODS

Subjects and Samples
Human samples of different atherosclerotic plaque fragments were obtained from the Cardiovascular Institute of Lisbon, Portugal. All 20 patients had undergone surgery in 2000 and 2001 by endarterectomy because of a stenosis greater than 70% in the carotid arteries and the presence of symptoms (n = 10, such as strokes, transient ischemic attacks or amaurosis fugax) or because of a stenosis greater than 80% in the absence of symptoms. After surgical removal, the plaques were frozen in liquid nitrogen. Two 1-mm-thick transverse sections of the plaque were extracted, 1 for 14 C analysis and 1 for IRMS analysis. In order to facilitate the observation of a possible gradual development of the plaque, each section was dissected to separate the fibrous cap, core, and interface between the core and the underlying media of the plaque. No information was available about the dietary habits of the subjects.
F 14 C Measurements of the Samples
The plaque samples (1.5-48.1 mg) were dried at 80 C for 1 hr. Some 1.2-1.6 mg of each sample was converted to graphite as described in Genberg et al. (2010) . Different treatment procedures were applied depending on the sample. For some samples analyzed early in the study, only parts were taken for analysis due to the large sample size. However, to eliminate the risk that this would not render the true mean age of the whole fragment of origin, this strategy was later abandoned in favor of analyzing the total sample. In some cases, the sample was split after combustion to CO 2 . In other cases, the sample was split prior to combustion in order to evaluate a possible variation in the age of the different parts of the sample and thus of the fragment of origin.
The graphite samples produced were pressed into small holders and analyzed in the Single Stage Accelerator Mass Spectrometer (SSAMS) at Lund University. Ox I was used as primary standard, C6 and C7 as secondary standards, and brown coal as the blank (Skog 2007; Skog et al. 2010 ). The generated F 14 C values were transformed into bomb-pulse ages using the CALIBomb program (Reimer et al. 2004 ) with the Northern Hemisphere zone 2 calibration data set (Hua and Barbetti 2004) , using 0.5 yr for both the smoothing and resolution parameters. The samples were placed in glass tubes covered with only an aluminum foil sheet and placed in a preheated oven (80 C) for 1 hr to dry. All samples were cut into small pieces and fractions of each sample were placed in tin capsules (Säntis Analytical, SA76980502, 3.3 × 5 mm) and weighed. The required weight of each sample was 0.25-0.3 mg. The tin capsules were then folded and placed in a numbered microwell plate. The samples were sent to the Environmental Isotope Laboratory (EIL) of the Earth and Environmental Science Division of the University of Waterloo, Ontario, Canada, for a  13 C and  15 N analysis, using a Delta Plus, Continuous Flow IRMS (Meier-Augenstein 1999) connected to a Carlo Erba Elemental Analyzer (CHNS-O EA 1108, Italy).
 15 N results were corrected to standards IAEA-N1 and IAEA-N2 (both ammonium sulfate) and  13 C was corrected to IAEA-CH6 (sugar) and EIL-72 (cellulose) standards, with added international and internal lab reference material. The accepted uncertainties are ±0.3‰ for nitrogen and ±0.2‰ for carbon, when clean ball-milled standard material is used. The uncertainty may increase according to the homogeneity, type, and amount of sample that is used (William Mark, personal communication, December 2011).
RESULTS AND DISCUSSION
The measured F 14 C,  13 C, and  15 N values of the samples from every fragment (cap, core, and interface to media) are presented in Tables 1, 2 , and 3, respectively. For some of the cases, the plaque sample was split prior to 14 C analysis (Preparation 2 in Tables 1, 2 , and 3), or only parts of the sample were analyzed (Preparation 3). A few of these split samples display a rather large variation in the mean biological age, while others show very similar values. The observed variation in age demonstrates that the plaque fragment has developed over a long time. For the most extreme cases, the difference in mean biological age of the split sample was more than 7 yr (Table 2) , so it should be kept in mind that the samples for which only some parts were analyzed (Preparation 3) do not necessarily represent the true mean biological age of the entire fragment. The F 14 C averages for each of the 3 plaque fragments-cap, core, and interface to media-of all the subjects are presented in Table 4 . The years of formation, calculated using CALIBomb software (Reimer et al. 2004) , demonstrate, in general, that the cap fragment is the youngest, while the interface to media fragment develops first and is therefore the oldest. These results are in accordance with the earlier studies of Gonçalves et al. (2010) . One of the aims of the present study was to investigate whether stable isotope analysis could reveal information about dietary habits, in particular whether marine food intake could produce bombpulse dates that were too young in relation to the sampling date. In the study of human serum samples by Georgiadou et al. (2013) , 2 groups of data were distinguished from the stable isotope analysis. One group consisted of samples from omnivore subjects, while the other group consisted of samples from the pooled group of lacto-ovo vegetarian and vegan subjects. Figure 3 shows the boundaries of these groups (obtained from the Swedish serum samples) as well as the measured  13 C and  15 N values of the Portuguese plaque samples. The Portuguese plaque samples have a wider range than the Swedish serum samples in the  13 C and  15 N values. This seems reasonable considering that different kinds of samples are used in the 2 studies, meaning different metabolism and possibly different isotope fractionation. Another interpretation is that the Portuguese subjects consume more marine foods in their diet than the Swedish subjects (in general marine foodstuffs have higher  13 C and  15 N values than terrestrially produced food, see Figure 1 ). In fact, the Swedish subjects that donated serum samples are expected to consume more C 3 than C 4 vegetables, according to the Swedish diet trend described by the Food and Agricultural Organization of the United Nations (FAO 2012) . On the other hand, the Portuguese plaque subjects are expected to follow the Portuguese diet trend, consuming more fish and maize products (Carvalho 1995; MarquesVidal et al. 2006; FAO 2012) . The Swedish serum samples (Figure 3 ) all showed CALIBomb ages that were older than the sampling date. This was interpreted as a result of the time lag effect (delay between production and consumption of food) being larger than any marine effect (which would produce dates that were too young) (Georgiadou et al. 2013) . In the present study, however, the relatively high  13 C and  15 N values of some of the Portuguese plaque samples might imply that the marine effect is sufficiently dominant to produce dates that are younger in relation to the sampling dates. It should also be noted that there may be a possible individual variation in the diet of the subjects of this study, since the sample  13 C and  15 N values of all the fragments are widely distributed, as can be seen in Figure 3 . Figure 3 The 3 groups (black, gray, and white) created by cluster analysis in a  13 C and  15 N diagram (squares: cap fragments; circles: core fragments; triangles: interface to media fragments) and omnivore and pooled (vegan and lacto-ovo vegetarian) group boundaries from a study of Swedish serum samples Georgiadou et al. (2013) .
Statistical cluster analysis was also applied to the data to reveal subgroups with similarities. Cluster analysis splits data elements into subgroups based on similarities and differences. This can lead to new data stratification that otherwise may have been ignored (Wilks 2006) .
In this study, cluster analysis ( Figure 3 ) was based on the  13 C and  15 N values of the samples, and separated the samples clearly into 3 groups, although not based on any of their known characteristics. No particular result of marine influence on any fragment group or subgroup could be determined, as had been observed in the serum sample analysis by Georgiadou et al. (2013) , since all fragment samples are found in all the subgroups. The cluster analysis therefore did not reveal any clear marine influence.
An additional investigation of the  13 C and  15 N values of all the samples of each patient separately was also carried out (Figures 4a,b) . For the majority of subjects, the core fragments have the lowest values for both  13 C and  15 N. Cap fragments are next, then finally the interface to media fragments, although a few exceptions were detected. This pattern could indicate differences in isotope fractionation in the biochemical processes involved in the formation of the different plaque fragments, or could be an effect of different tissues in the various fragments.
Subjects Q and R (Figures 4a,b) illustrate how the results of the stable isotope analysis can be interpreted and show how conclusions can be drawn regarding the subjects' diet. Subject Q has relatively low  13 C and  15 N values, while the plaque fragments of subject R have relatively high  13 C and  15 N values. Bearing in mind the isotopic trophic level diagram (Figure 1 ), it should be expected that subject Q possibly eats more vegetables from the C 3 food group, while subject R possibly eats more marine foodstuffs. Marine food consumption could be a reason to expect lower F 14 C concentration in the samples, leading to younger CALIBomb dates than the true ages. This conclusion is confirmed by the results deducted for serum samples (Georgiadou et al. 2013) for which a significant correlation between the  13 C and the age deviation (difference of sampling date from the CALIBomb date) was found, although the subjects in the 2 different cases are expected to follow different dietary trends. higher values than the respective atmospheric 14 C concentrations. CALIBomb analysis, using atmospheric 14 C data as a reference, showed that the plaque fragments were formed 1.98 to 17.62 yr before the operation date. On average, the cap fragments were found to be the youngest (1.98-12.47 yr old). The core fragments were older and had a wider age range (2.52-17.62 yr old), while the oldest in most cases appeared to be the interface to media fragments (4.02-15.92 yr old). This result is in accordance with that found by Gonçalves et al. (2010) .
Stable isotope analysis revealed that the plaque samples from the Portuguese subjects showed a wider range of  13 C and  15 N than a study of serum samples from Swedish citizens (Georgiadou et al. 2013 ). This can be interpreted either as a metabolic effect or a dietary effect, or a combination of the two. The known general dietary habits of the 2 countries support the idea of a dietary effect according to nationality being apparent in the data. The data suggests that the Portuguese consume more fish products than the Swedes. If the dietary effect is indeed dominant, there is a risk that the CALIBomb software, using atmospheric 14 C data as a reference, produces bomb-pulse dates that are younger compared to the sampling dates for subjects consuming a relatively large proportion of fish products. A metabolic effect (or cell type effect) is also supported by a general pattern in the  13 C and  15 N values of the different plaque fragments of each patient: core fragments display the lowest values followed by cap fragments, and then interface to media fragments, although a few exceptions are detected. To investigate which of the 2 effects (metabolic effect or dietary effect) is dominant, we plan to analyze plaque samples from Swedish citizens.
Additional analysis of the  13 C and  15 N values of each patient's plaque fragments separately lead to the conclusion that stable isotope analysis could provide information about the diet of the subjects. Specifically, it could potentially reveal the samples whose CALIBomb date may be influenced by the consumption of marine foodstuffs.
